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[1] The silicic acid leakage hypothesis (SALH) attempts to explain part of the large and regular atmospheric
CO2 changes over the last glacial-interglacial cycles. It calls for a reduction in the carbonate pump through a
growth in diatoms at the expense of coccolithophorids in low-latitude surface waters, driven by a ‘‘leakage’’ of
high-Si:N waters from the Southern Ocean. Recent studies that present low opal accumulation rates from the
glacial eastern equatorial Pacific have challenged SALH. In a corollary to SALH, we argue that the key to
SALH is the dominance of diatoms over coccolithophorids, and this does not depend on the magnitude of
diatom production per se. In support of our claim, we show in a numerical model that atmospheric CO2 can be
lowered with even a reduced absolute flux of silicic acid leakage, provided that Si:N in the leakage is elevated
and that the excess Si can be used by diatoms to shift the floral composition in their favor.
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1. Introduction

[2] Antarctic ice cores record fluctuation in atmospheric
CO2 content that occurred in tandem with global climate
change over the past several glacial-interglacial cycles
[Petit et al., 1999; Siegenthaler et al., 2005]. Peak glacial
CO2 values are lower than peak interglacial values by
80–100 ppm during the last four cycles and by somewhat
smaller amplitudes in earlier cycles. A satisfactory expla-
nation of this fluctuation has eluded us since discovery
more than 2 decades ago [Barnola et al., 1987]. As
summarized by Archer et al. [2000a] and Sigman and
Boyle [2000], there are a number of possible mechanisms
that have been proposed over the years, but no single one
of these is able to explain the full 80–100 ppm amplitude
without violating some paleoceanographic constraint.
Therefore, a recent move in the field has been to find
not a single cause but multiple causes [Archer, 2004],
which would be consistent with the fact that it took
multiple distinct steps for the global climate to transition
from interglacial conditions to glacial conditions.
[3] In 2002, we proposed and demonstrated with nu-

merical models that a reorganization of the global marine
silica cycle and associated changes in the carbonate pump
could account for a sizable fraction of the 80–100 ppm
amplitude [Matsumoto et al., 2002]. With its companion
paper [Brzezinski et al., 2002], the proposal has come to
be known as the silicic acid leakage hypothesis (SALH).
The essential elements of SALH are described below, but
in recent years, there has been some effort to verify this
hypothesis by trying to test its predictions with paleocea-

nographic evidence [Beucher et al., 2007; Bradtmiller et al.,
2006; Crosta et al., 2007, 2005; Higginson and Altabet,
2004; Kienast et al., 2006]. Among these are ‘‘tests’’ based
on opal productivity in the eastern equatorial Pacific that
have come out consistently negative.
[4] Here we argue that tests based on opal productivity

are significantly weaker than they appear, because SALH is
not inconsistent with reduced opal productivity. In a corol-
lary to SALH, we explore this possibility. In the following
sections, we review SALH and its recent tests. We then
discuss the corollary and demonstrate its effects with a
numerical model. Our purpose is to clarify what is and is not
SALH. This exercise makes clear what appropriate tests of
SALH are.

2. SALH and Its Corollary

[5] Today freshly upwelled Antarctic surface waters have
approximately 60 mmol kg�1 of silicic acid and 25 mmol kg�1

of nitrate. These waters support primary production domi-
nated by diatoms that incorporate more silica per unit
organic matter than those in most other regions of the world
ocean [Brzezinski et al., 2003, 2001; Franck et al., 2000;
Pondaven et al., 2000; Smith et al., 2000]. This leads to a
net export production across 100 m south of 45�S that has
�3 to 4 times more silica per unit organic matter than the
rest of the world [Sarmiento et al., 2004]. As some of this
upwelled water is advected northward by Ekman transport,
Antarctic diatoms continue to preferentially take up silicic
acid over nitrate and the export production continues to
have high Si:N ratios. This imparts to these surface waters a
strong nutrient ratio signal of Si:N < 1. These Antarctic
surface waters are therefore relatively replete in nitrate but
depleted in silicic acid. This low Si:N signal is then
exported from the Southern Ocean to other parts of the
world ocean by Antarctic Intermediate Water (AAIW) and
Subantarctic Mode Water (SAMW) [Sarmiento et al.,
2004]. Diatom production in low-latitude surface waters,
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to which AAIW and SAMW supply nutrients, is likely
limited by the low concentrations of silicic acid.
[6] Key to SALH is the observation that an increased

availability of iron (Fe) lowers the Si:N uptake ratios by
diatoms [Hutchins and Bruland, 1998; Marchetti and
Harrison, 2007; Takeda, 1998]. The uptake ratio can drop
from as high as 2.7:1 under iron limitation to as low as 1:1
and less with iron addition. The actual export ratio today is
higher than the following: of order 2.7 ± 0.2 to 4.4 ±
0.2 across 100 m in the analysis of Sarmiento et al.
[2004]. As we describe below, the box model that we
use in this study uses a ratio of 6 for 250 m deep surface
boxes in the Southern Ocean. This is because of a more
efficient recycling of organic matter relative to opal disso-
lution, which drives up the Si:N ratio in the exported
material in the so-called silica pump hypothesis of Dugdale
et al. [1995]. These observations are consistent with the
prediction that an increased Fe supply to the glacial Southern
Ocean would cause a switch from silicic acid depletion that
characterizes today’s Southern Ocean to nitrate depletion
[Matsumoto et al., 2001]. In other words, Southern Ocean
surface waters would turn from today’s silicic acid-poor,
nitrate-rich to silicic acid-rich, nitrate-poor during the glacial
times. The prediction of Matsumoto et al. [2001] was made
within the context of explaining a northward shift in the
opal-rich sediments about the Antarctic Polar Front during
the last glacial maximum [Kumar et al., 1995].
[7] In SALH, we called on AAIW and SAMW to trans-

port or ‘‘leak’’ the predicted silicic acid-rich, nitrate-poor
Antarctic surface waters during glacial times to the low
latitudes [Brzezinski et al., 2002; Matsumoto et al., 2002].
Brzezinski et al. [2002] presented sedimentary d30Si evi-
dence from the Antarctic in support of the predicted switch
over the past few glacial-interglacial cycles, and Matsumoto
et al. [2002] modeled possible changes in phytoplankton
community composition and atmospheric CO2 content as a
result of silicic acid leakage. SALH hypothesizes that silicic
acid leakage would enhance diatom production at the
expense of other phytoplankton including coccolitho-
phorids, which make CaCO3 shells. A reduced production
and therefore vertical transport of CaCO3 shells imply a
weakened carbonate pump [Volk and Hoffert, 1985]. It is
this weakening that would cause a lowering of atmospheric
CO2 content.
[8] A straight forward interpretation of SALH would

seem to predict an enhanced, absolute production of dia-
toms and sedimentary opal accumulation in the low lati-
tudes during times of silicic acid leakage. A number of
recent studies have tried to test this prediction, because
changes in opal accumulation rate can be determined by
paleoceanographic means. Normalization of sedimentation
rate by the activity of thorium isotope 230Th can account for
lateral redistribution of sediments by deep sea currents
[Bacon, 1984]. Also, the combination of 230Th with a
protactinium isotope 231Pa in the form of 231Pa/230Th ratio
is suggested to reflect opal/CaCO3 ratio in particulate matter
[Chase et al., 2002]. In reality though, complications make
sedimentary 231Pa/230Th ratio more a qualitative proxy of
opal flux than particle composition (R. F. Anderson, personal
communication, 2007). Here we simply accept at face value

the assumption that sedimentary opal accumulation rates
quantitatively reflect opal production at the surface.
[9] Available estimates of opal accumulation in the east-

ern equatorial Pacific based on 231Pa/230Th ratios and 230Th
normalization consistently indicate lower opal accumulation
rates during the last glacial maximum compared to the
Holocene [Bradtmiller et al., 2006; Kienast et al., 2006;
Pichat et al., 2004]. This is taken as evidence against
SALH. Pichat et al. [2004] note that the lower diatom
productivity during glacial times ‘‘seems to challenge the
silicic acid leakage hypothesis.’’ Kienast et al. [2006]
conclude that the lack of evidence of increased opal burial
does ‘‘not support silicic leakage hypothesis’’ during the
marine isotope stage 2. Bradtmiller et al. [2006] charac-
terize the low glacial opal productivity as ‘‘a serious
challenge to the SALH,’’ if ocean circulation during the
last glacial maximum (LGM) remained similar to the
present. This qualification is important, because, as noted
by the authors, changes in circulation may have altered the
destination of silicic acid leakage such that sedimentary
manifestation of SALH would not be obvious in the
eastern equatorial Pacific.
[10] In a corollary to SALH, we take a step further to

argue that absolute opal accumulation flux in the eastern
equatorial Pacific would not necessarily be an adequate or
appropriate test of SALH, even if the destination of silicic
acid leakage remained the same. This argument rests on
the fact that SALH is ultimately a hypothesis that
attempts to account for the low glacial atmospheric CO2

content by invoking a change in the carbonate pump (i.e.,
CaCO3:organic carbon export ‘‘rain ratio’’). It is not a
hypothesis of increased mass flux of silicic acid from the
Southern Ocean per se. The leakage is only a means to
achieve a reduction in the carbonate pump. A larger
absolute flux of the leakage is not always required, because
we can envision and demonstrate below that a reduction in
the low-latitude carbonate pump can be realized even with a
smaller absolute flux of silicic acid leakage, provided that
Si:N ratio is elevated in AAIW and SAMW and that the
excess Si can be utilized to shift the floral composition in
favor of diatoms. It is, in fact, the leakage of waters with
elevated Si:N ratios, rather than the leakage of a larger flux
of silicic acid, that qualifies more as silicic acid leakage
within the context of SALH.
[11] A reduced mass flux of silicic acid with elevated Si:N

ratios is possible, if the formation rates of AAIW and
SAMW were reduced. Recently, Crosta et al. [2007]
suggest just such a scenario. They relate benthic foraminif-
eral d13C from a subantarctic core raised from 1210 m water
depth to AAIW formation rate and the percentage of deep
dwelling planktonic foraminifera G. truncatulinoides near
Tasmania to SAMW formation rate. It will be interesting to
see how well this methodology holds up to further scrutiny.
In any case, it seems quite possible to us that intermediate
water formation rates were different during glacial times
when boundary conditions were so different than today.

3. Model and Experiment Design

[12] We use the box model of Matsumoto et al. [2002],
designed originally to examine SALH, to demonstrate its
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